Louisiana State University

LSU Digital Commons
LSU Historical Dissertations and Theses

Graduate School

1959

Kinetics of the Iron - Hydrogen-Sulfide Reaction at High
Temperatures.
Lester Deurelle Hulett Jr
Louisiana State University and Agricultural & Mechanical College

Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses

Recommended Citation
Hulett, Lester Deurelle Jr, "Kinetics of the Iron - Hydrogen-Sulfide Reaction at High Temperatures." (1959).
LSU Historical Dissertations and Theses. 562.
https://digitalcommons.lsu.edu/gradschool_disstheses/562

This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It
has been accepted for inclusion in LSU Historical Dissertations and Theses by an authorized administrator of LSU
Digital Commons. For more information, please contact gradetd@lsu.edu.

KINETICS OP THE IRON-HTDROGEN
SULFIDE REACTION AT HIGH
TEMPERATURES

A Dissertation
Submitted to the Graduate Faculty of the
Louisiana State University and
Agricultural and Mechanical College
in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy
in
The Department of Chemistry

^by
Lester Dt Hulett, Jr.
B.S., Louisiana State University, 1953
M.S., Louisiana State University, 1938
August, 1959

ACKNOWLEDGEMENT
The author wishes to express his deep gratitude to Dr. Paul
Delahay under whose direction this work was done.

The author

profited greatly by assisting Dr. Fritz Hflgli, Dr. C. M. Hudgins,
and Dr. H. Arm in the initial phase of this work.

These men are

primarily responsible for the development of the experimental
techniques, and I am very grateful for their guidance.

The

author's immediate colleague in this work was Dr. M. M. Qureshi.
His help and advice are deeply appreciated.

Mr. E. G. Smith

and Dru G. F. Mathes of the Mechanical Engineering Department,
Louisiana State University, provided equipment and guidanoe in
the microphotographic studies! the author is very grateful for
their helpc
Throughout the course of our research, several conferences
were held with members of the American Petroleum Institute
Subcommittee on Corrosion.

Private conferences with Dr. A.

Dravnieks and Dr. E. W. Haycock were also held.

Many useful

suggestions came from these conferences.
The financial support of the American Petroleum Institute,
which made this work possible, is gratefully acknowledged.

ii

TABLE OP CONTENTS

1

SCOPE OP INVESTIGATION
l o

2u
3°

Purpose of Study
Previous Work
Methods of Attack

1
1
5

EXPERIMENTAL METHODS
1o
2„
3*
4.
5^

5

Attack in Hydrogen Sulfide and Hydrogen
Sulfide-Hydrogen or Hydrogen SulfideHelium Mixtures
Mixed Attack
Influence of Diffusing Hydrogen on the
Iron-Sulfur Reaction
Diffusion of Hydrogen in Iron and Iron
Sulfide Scale
Scale Thickness Studies

THE MECHANISM OF THE IRON-HYDROGEN SULFIDE
REACTION
1,
2.
3°
4o
5°
6.

Postulated Mechanism
General Characteristics and Effeot of
Temperature
Attack in Hydrogen Sulfide-Hydrogen and
Hydrogen Sulfide-Helium Mixtures
Mixed Attack
Influence of Diffusing Hydrogen on Sulfur
Vapor Attack
Recrystallization of the Soale

5
8
9
10
12

14
14
15
19
22
24
51

CONCLUSION

55

SELECTED BIBLIOGRAPHY

54

VITA

55

iii

LIST OP FIGURES
Figure
IA.

IB.
2A.
2B.
J.

Page

Apparatus
for Reaction of Iron with Hydrogen
Sulfide and Mixtures of Hydrogen Sulfide and
Hydrogen or Hydrogen Sulfide and Helium

6

Apparatus for Mixed Attack Experiments and for
Hydrogen Diffusion Experiments

6

Apparatus for Measuring Rates of Hydrogen
Diffusion through Iron and Iron Sulfide

11

Apparatus for Scale Studies

11

W'ight Gain of Iron Against Time for Reaction
in Hydrogen Sulfide at 1 Atmosphere at
Different Temperatures

16

4- Microphotograph of Section of Specimen after
60 mino Exposure to Hydrogen Sulfide at 1
Atmosphere and 649 C
5-

6

Arrhenius Plots of the Hate Constant for Attack
in Hydrogen Sulfide and in Hydrogen~Hydrogen
Sulfide Mixture

18

Rate of Attack at 649°C Against Volume Per Cent
of Hydrogen Sulfide for Mixtures of Hydrogen
Sulfide with Hydrogen or Helium

20

T 0 A Verification of Equation

(3) for the Data in

Figu 6
S.

9o

10 o

17

23

Increase of Weight Against Time for Specimens
Previously Attacked in Sulfur Vapor

25

Microphotograph of Specimen Subjected to Mixed
Attack by Sulfur Vapor and Hydrogen Sulfide

26

Plots of the Square of the Weight Gain for Iron
Cartridge during Attack by Sulfur Vapor

28

fr

Page

Figure
11.

Data for Hydrogen Diffusion through Iron or
Iron Coated with Iron Sulfide Scale

29

LIST OF TABLES
Page

Table
I«

Thicknesses of the Dense Layer of Iron Sulfide
Produced by Attack by a 4*1 Hydrogen-Hydrogen
Sulfide Mixture at 575 C

▼i

32

ABSTRACT
The mechanism of the iron-hydrogen sulfide reaction was
studied in the 500-760°C temperature range for a total gas pressure
of one atmosphereo

The rate of attack was essentially constant

(linear law), and the corrosion scale was composed of two layers:
a thin dense layer adjacent to the metal and a porous layer with
a coarse crystalline structure.

These two features which differ

entiate this reaction from the iron-suifur vapor reaction are
interpreted on the Basis of two main effects:

(a) partial block

ing of reaction sites by hydrogen produced during attack, and
occurrence of a reaction at a constant number of reaction sites;
and (b) continuous recrystallization of the dense scale into a
porous scale offering no barrier to transport of reactants *

This

mechanism is self-regulating.
The following evidence is presented:

(a) linear Arrhenius

plots were obtained; (b) essentially the same rate of attack was
observed for hydrogen-hydrogen sulfide and helium-hydrogen sulfide
mixtures having the same partial pressure of hydrogen sulfide;
and the dependence of rate on hydrogen sulfide pressure was
accounted for; (c) the attack rate was not affected by the coat
ing of specimen with a dense layer of varying thickness obtained
by preliminary attack in sulfur vapor; (d) the iron-sulfur reaction,
vii

which obeys the parabolic law of attack, was inhibited by hydrogen
diffusing from the back of the specimen surface; (e) recrystallization of the dense layer into the porous one was observed for
specimens aged in helium.
Discussion of experimental methods covers the following
pointst

(a) measurements of the rate of attack with a quartz

spring balance in hydrogen-hydrogen sulfide and helium-hydrogen
sulfide mixtures; (b) techniques for attack in sulfur vapor fol
lowed by hydrogen sulfide attack; (c) use of a mild steel cartridge
containing lithium aluminum hydride in the hydrogen diffusion
studies; (d) scale thickness studies.

viii

CHAPTER I
SCOPE OP INVESTIGATION
lo

PURPOSE OF STUDY
The iron-hydrogen sulfide reaction at elevated temperatures

has two unusual features which distinguish it from most other
metal-gas reactions with solid scale formation!

(a) the rate of

attack becomes constant after a short time (a few minutes above
500°C), i.e., the attack follows a linear law, and (b) a scale
composed of two layers is formed, the layer adjacent to the metal
having a fine crystalline structure and the outer layer being of
a porous and coarse structure,,

In contrast, the iron-sulfur

reaction, according to Hauffe and Rahmel (l), follows the normal
parabolic law of attack (corresponding to a diffusion controlled
process) with formation of a single homogeneous scale having a
fine crystalline structure.

The same product of attack, iron

sulfide, is obtained in both reactions, and yet the kinetics are
very differento

It is the purpose of this dissertation to account

for these differences.
2„

PREVIOUS WORK
The two fundamental characteristics of the lron-hydrogen

sulfide reaction —

linear law and a two-layer scale —

established in earlier work.

were well

This material was reviewed by
1

2

Hudgins (2) and by Dravnieks and Samans (3).

Initial work by

Htigli and Hudgins in this laboratory indicated that the kinetics
was accounted for by a modified Wagner model (reaction with
diffusion control) but subsequent work by these authors and the
writer disproved this explanation.

Recent kinetic investigations

of this problem were also made by Dravnieks and Samans (3) and
by Haycock (4)-

The manuscript of the former authors was avail

able at the onset of our work while Haycock's manuscript became
available in the fall of 1958
Dravnieks and Samans postulate a mechanism controlled by a
surface reaction which they assume to be the dissociation of
hydrogen sulfide at the scale surface.

They account for the two-

layer scale by assuming two different processes, namely diffusion
of sulfide ions m

the dense layer and diffusion of ferrous ions

in the coarse layer„
Haycock (4 ) postulates mixed control by diffusion of sulfide
10 ns across the dense layer and recrystallization of the dense

layei into the porous layer^

A linear law is observed when the

dense layer reaches a constant thickness0

Continuous recrystalli-

zation is greatly accelerated by hydrogen produced in the ironhydrogen sulfide reaction.

Haycock also believes, by analogy with

other cases (5)» that hydrogen is trapped in the cation vacancies
of the lattice with the formation of what he calls "E-centers".
These E-centers greatly decrease the rate of diffusion of ferrous
ions and, according to him, sulfide ions therefore must be the
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diffusing species.
3.

METHODS OF ATTACK
Our purpose was to design experiments to discriminate as

unambiguously as possible between control by a surface reaction
and that by a diffusion process and to determine the role of
hydrogen in recrystallization of the dense layer into a coarse
layer (not observed when hydrogen is not present).

The follow

ing studies were made:
(a) Confirmation of the linear law at different
temperatures and determination of the heat of activat ion.
(b) Attack in mixtures of hydrogen sulfide and
hydrogen or helium
(c) Attack of iron m

sulfur vapor followed by

hydrogen sulfide attack..
(d) 3tudy of the effect of hydrogen on the ironsulfur vapor reaction, hydrogen being supplied by
diffusion through the iron from the unexposed face
of the corroding specimen
(e) Determination of the scale thicknesses and
effect of aging on the two-layer scale.
Experiment (a) would give an indication of mixed control by
two processes having different heats of activation if a non
linear Arrhenius plot were obtained.

The combination of experi

ments (b), (c), and (d) should allow discrimination between

4
control by a surface reaction and by diffusion.

Experiment (e)

should provide direct evidence of recrystallization.

CHAPTER II
EXPERIMENTAL METHODS
1“

ATTACK IN HYDROGEN SULFIDE AND HYDROGEN SULFIDE-HYDROGEN
OR HYDROGEN SHLFIDE-HELIUM MIXTURES
Rates of attack were determined from the increase in specimen

weight.

The specimen in the lower, Vycor made reaction chamber

(Fig. 1A) was suspended on a fine Vycor fiber attached to a quartz
spring (obtained from Worden Laboratories, Houston, Texas).

The

quartz spring extended only in the upper, Pyrex made, chamber and
was essentially at room temperature; i.eu, no temperature correction
in

the calibration was necessaryo

The elongation of the spring

was measured with a cathetometer (Gaertner, Chicago) with an error
not exceeding O.OJ? mg. for specimens weighing approximately 0.5 g.
The chamber with its gas preheater coil was connected to a
gas mixing system which could supply hydrogen and mixtures of
hydrogen sulfide with either hydrogen or helium.

Traces of oxygen

in the electrolytic grade hydrogen (Matheson) were removed by
passing the gas through a "Deoxo" catalyst cartridge (obtained
from Engelhard Industries, Inc., Newark, N.J.).

Hydrogen sulfide

and helium were used as supplied in tankB (Matheson).

The com

position of the gas mixtures was constantly controlled (a) from
the individual flow rates, as measured with differential pressure
5

6

B

Fig, 1A - Apparatus for the study of the reaction of iron
with hydrogen sulfide and mixtures of hydrogen
sulfide and hydrogen or hydrogen sulfide and
helium. F - speoimen) S - quartz spring} P gas preheater ooil.
Fig. IB - Apparatus for mixed attack experiments and
for hydrogen diffusion experiments, F - iron
cartridge or other specimen} S - quartz spring}
E - sulfur pool} P - gas preheater coil} I! platinum wire marker.
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manometers, in the determination of the heat of activation, and
(b) by a sensitive thermal conductivity cell in the comparison of
attack rates for hydrogen-hydrogen sulfide and helium-hyclrogen
sulfide mixtures.

A gas reservoir with twice the oapacity of the

reaction chamber was inserted between the chamber and the mixing
system.

The gas reservoir was used in the initiation 6f the re

action.

The reaction chamber was bypassed during the adjustment

of the gas mixture composition.
Specimens were made of spectroscopically-pure iron sheets,
for which the suppliers (Jarrell Ash Co., Newtonville, Massa
chusetts) gave the following analysis: 4ppn Mn; 2ppm Hi, Si, Mg;
lppm Cu, Ag, Na, Li; other metals were not detected spectro
scopically.

The specimen dimensions of approximately 0.05 x 0.7

x 1.4 cm. were determined accurately with a micrometer.

Specimens

were washed in petroleum ether and acetone before use.
After introduction of the specimen in the reaction chamber
the entire flow system was evacuated to a pressure below 1 mm.
The absence of leaks was aoertained, and the system was repeat
edly flushed with hydrogen and finally evacuated again.

Hydrogen

was then passed through at a rate of approximately 200 ml. per
minute, and the fumaoe was brought to the desired temperature.
Reduction of traces of oxide on the speoimen followed for two
hours at 500°C or a higher temperature.

After removal of hydrogen

by evacuation, the gas mixture was passed through the chamber at
the rate of 200 ml. per minute, and the attaok was followed as

8

described above.
2.

MIXED ATTACK
Experiments in which attack by sulfur vapor was followed by

hydrogen sulfide attack involved one difficulty, namely that, to
avoid condensation, no part of the apparatus oould be colder than
the vessel in which sulfur was vaporized.

The pyrex chamber of

Pig. IB, which was designed by G. Arm in this laboratory, was
constructed with the upper end open.

Sulfur was introduced, and

the specimen, suspended on a quartz spring, was hung on an in
verted U-rod.

The top of the chamber then was sealed.

Proce

dures for the purging and reduction were the same as for the
hydrogen sulfide attack.

After reduction of the specimen, the

chamber was filled with helium and sealed at the constricted
sections of the side arms, the upper part of the ohamber being
maintained all the time at 575°C.

The lower furnace was raised

around the sulfur reservoir and heated to 230°C.

Vaporized

sulfur condensed in the section of the chamber (between the two
furnaces), approximately 2 inches in length, which remained cool
during the warm-up of the lower furnace.

Heater sleeves were

slipped over the side arms to avoid sulfur condensation.

After

the lower furnace reached 230°C, a heater clamp was placed around
the exposed midsection, and attack of the specimen was initiated.
This method reduced the uncertainty of the zero time to a few
minutes.
After the desired increase in weight, as followed by the
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oathetometer, had been reached, sulfur attack was stopped by re
moval of the lower furoaoe, the upper furnace remaining at 575°C.
The heater sleeves were removed and the gas flow system, discussed
above, was conneoted to the sidearms with thiok-walled Tygon tub
ing.

The system was then evaouated and purged with hydrogen.

The HgS-Hg mixture of previously adjusted composition, was intro
duced in the chamber by the snapping of the sidearm tips inside
the Tygon tubing at the inlet and outlet.

Rates of attack were

determined from cathetometer readings for a gas flow rate of 200
ml. per minute.
5.

INFLUENCE OF DIFFUSING HYDROGEN ON THE IRON-SULFUR REACTION
The effect of hydrogen diffusing from the back of the speci

men surface during attack in sulfur vapor was studied.

The

specimen was a mild carbon steel cartridge, 4 x 20 mm* with a
bore of 2 mm. diameter, containing 20 mg. of lithium aluminum
hydride.

The air in the cartridge was flushed with helium while

the mouth was crimped together.

The cartridge was immediately

sealed with an acetylene torch, the lower part of the cartridge
being kept cold in water.

A platinum wire was attached to the

top of the cartridge for suspension purposes, and the wire and
sealed portion of the cartridge were masked with a porcelain
cement (Saureisen).

The oement was allowed to harden in air for

at least 24 hours before the cartridge was used.

Immediately be

fore use, the cartridge was polished with Behr-Hanning 400A sand
paper and jeweler's rouge d o t h and then washed with acetone and
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petroleum ether.
The cartridge and a long platinum wire were suspended on a
quartz spring inside a Pyrex tube whose bottom had been filled pre
viously with sulfur (Pig. IB).

This Pyrex tube was provided with

an inlet and outlet for hydrogen.

The tube was then sealed at

the top and placed in a furnace.

The cartridge was reduced for

two hours in a stream of hydrogen, the lower part of the reaction
tube remaining at room temperature.

After reduction, the furnace

was cooled and the tube was removed.,

The hydrogen remaining in

the tube was replaced with helium, and the gas inlet and outlet
were sealed off and shortened so that they would not protrude
outside the furnace.

Sulfur attack followed according to the

procedure described in the previous section.
In some experiments with blank cartridges, i.e., without
lithium aluminum hydride, the reaction tube was evacuated after
hydrogen reduction and kept at a pressure of 0.02 mm. for eight
hours to remove the hydrogen which had diffused into the metal.
4.

DIFFUSION OF HYDROSEH IN IRON AND IRON SULFIDE SCALE
Rates of hydrogen diffusion through iron with or without

ferrous sulfide scale were obtained with the chamber of Fig. 2a .
The initial steps were the same as in the preceding section.
After reduction, hydrogen was replaced by helium in the chamber.
The side arm on the left was sealed off close to the wall of the
ohamber, and the small sidearm protruding from the U-tube was
sealed off at the oonstriotion.

Condensation of sulfur was

11

Di , i

Ay
4

B

Fig. 2A - Apparatus for measuring rates of hydrogen diffusion
through iron and iron sulfide. S ~ quarts spring|
P - oartrldget E - sulfur pooli 11 - platinum wire
marker) H - differential pressure manometer) Q tube oontaining the referenoe volume of gas at the
same tenperature as the oartridge.
Fig. 2B

“ Apparatus for eoale studies. F - specimens) W ohromel wires) T - thermooouplet C - detachable
ousting tubes oontaining sulfur) D - rubber
stoppers) R - oooler.
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prevented by a specially shaped heater.
carried out at 500°C all the time.

Sulfur vapor attack vas

The U-tube vas connected,

after removal of its heater, to a vacuum system with a thick
vail Tygon tube.

A small glass bulb oontaining ^ il. of meroury

vas also oonneoted near the U-tube and in parallel vith the
vacuum system.

The tip of the sidearm in the Tygon tube vas

snapped and the reaction chamber vas evacuated vith the fore
pump.

The sulfur reservoir vas sealed off to eliminate subsequent

errors in pressure measurements as a result of gas release from
the sulfur.

Evacuation to 1 micron vas continued vith an oil

diffusion pump.

Mercury from the small reservoir vas poured through

the sidearm and into the U-tube, and the sidearm vas sealed.

An

all glass, completely sealed system vi';h a built-in differential
pressure manometer was thus obtained.

The pressure variations

in the reaction chamber resulting from hydrogen diffusion through
the cartridge vail vere measured vith a cathetometer.
5.

SCALE THICKNESS STUDIES
A special reaction vessel was designed for scale thickness

studies to allow rapid casting of specimens in molten sulfur.
Five specimens (only three shown in Fig. 2B) were suspended on
ohromel wire by means of insulating glass hooks.
strung through rubber stoppers.

The vires vere

The oasting tubes vere filled

vith sulfUr chips which vere melted vith a clamp heater just
before the oasting of a specimen.

After attack in a hydrogen

•ulfide*hydrogen fixture, the speoimen vas lovered into the
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molten sulfur, and the casting tube was allowed to cool.
fire specimens could be cast at different times.

The

The reduction

In hydrogen before attack and the attaok were conducted as above.
The tendency of the scale to peel off as a result of the
temperature change was minimized by the use of curved specimens
as suggested by Haycock (4)°

The scale remained quite adherent

on the concave side.
Hounted specimens were cut with a high-speed, glass-cutter’s
saw.

The cross section was polished with graded emery cloths

and levigated alumina on a metallographic polishing wheel.

A

Bausch and Lomb metallographic microscope was used for examination
and photography.
Specimens obtained in mixed attack and cartridges from
experiments with hydrogen diffusion were mounted in an EPON
resin.^

The procedure was as follows*

Add 9 parts EPON 828 to 1

part curing agent (DTA); mix well; pour into mold around the
specimen; allow the EPON to cure for 24 hours at room temperature.

^Courtesy of Dr. E. W. Haycock, Shell Development Co.,
Emeryville, California. Information about EPON resins can be
obtained from the Shell Development Co.

CHAPTER III
THE MECHANISM OP THE IRON-HYDROGEN SULFIDE REACTION
1.

POSTULATED MECHANISM
The results of attack in helium-hydrogen sulfide mixtures

and mixed attack experiments led us to postulate a meohanlsm for
the Iron-hydrogen sulfide reaction which was further confirmed
by experiments on sulfur attack with hydrogen diffusion and
experiments on aging of the scale.

The mechanism is as follows:

Hydrogen produced by the iron-hydrogen sulfide reaction
remains in large part adsorbed (or associated in some other
fashion) with iron sulfide.

The number of reaction sites avail

able for attack by hydrogen sulfide is considerably decreased as
a result of hydrogen adsorption, and attack occurs at an essen
tially constant number of reaction sites, i.e., a linear law of
attack is observed.

Furthermore, diffusion is not rate con

trolling (at least at sufficiently high temperatures, i.e.,
above 500°C approximately) beoause of continuous recrystallization
of the scale into a coarse layer whioh offers no diffusion barrier.
The thlokness of the thin layer is not sufficient to result in
diffusion control.
This mechanism is self-regulating in that a decrease (or
increase) in rate would result in a decrease (or increase) in the
14
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rate of hydrogen production and, consequently, In an Increase
(or decrease) in the number of reaction sites.

The latter effect

then would compensate the initial decrease (or increase) in rate
that caused it.
Supporting evidence will now be presented.
2.

GENERAL CHARACTERISTICS AND EFFECT OF TEMPERATURE
The two essential characteristics

of the iron-hydrogen sul

fide reaotion -- linear law of attack and formation of a twolayer scale —

are apparent from the results of Httgli and Hudgins

(2) in Figures 3 and 4.

The slope of the log-log plot in Figure 3

is quite close to unity, i.e., the law

of attack is linear.

In

the early stage of attack (3 - 15 minutes) the rate is Bomewhat
larger than the constant rate observed afterwards.

This effect

causes the slope of the log-log plot in Figure 3 to be somewhat
smaller than unity.

The initial high rate possibly results from

the difference in the metal and scale surfaces and the initial
absence of adsorbed hydrogen.
At temperatures below 500°C, plots of the increase in speci
men weight versus time exhibit

a marked curvature (cf. Dravnieks

and Samans (3) and Haycock (4) which is probably due to partial
diffusion control.
Arrhenius plots for the data on Figure 3 end similar data
obtained by the writer for HgS - Hg mixtures are linear (Fig. 5)<
The corresponding heat of activation is 30 Ecal./mole, as compared
to 20 Koal./mole aooording to Dravnieks and Samans (3) and 12
Kcal./mole according to Haycock (4)>

No explanation is offered

(GRAMS/CM2 )
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760*C

GAIN

705*C

WEIGHT

649*C

.001

0003
3
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TIME (MINUTES)

Fig. 5 - Weight gain of iron against time for
reaction in hydrogen sulfide at
1 atmosphere at different temperatures.
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SULFUR

"THICK"
't h i n "

LAYER
layer

IRON
"THIN" LAYER
"THICK"

SULFUR

Fig. 4 - Microphotograph of section of
speoimen after 60 min. exposure
to hydrogen sulfide at 1 atmos
phere and 649 C* (masriification,

200) .

LAYER
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1 00 % H,S
• 4*1 Ht / H , S
O

2 0.10
t 0.06
z 0.03
UJ

0.01
l / T x I03

Pig* 5 - Arrhenius plots of the rate
constant for attack in hydrogen
sulfide' and in hydrogen hydrogen sulfide mixture*
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for the discrepancy among these dataMixed control of kinetics hy two processes hawing rather
different heats of activation is ruled out by the linear plot of
Pig. 53.

ATTACK IK HYDROGEN SULFIDE-HYDROGEN AND HYDROGEN SDLPIDEHELIUM MIXTURES
It is well established that the rate of attack of iron in

hydrogen-hydrogen sulfide mixtures depends on the partial pres
sure of the gases (cf. Drawnieks and Samans (3) and references
therein).

The effect can be accounted for by thermodynamics,

and there is little doubt that near equilibrium a thermodynamic
interpretation holds.

Hydrogen, however, might act primarily as

a diluent in hydrogen-hydrogen sulfide mixtures with partial pres
sures corresponding to concentrations not near equilibrium.

Essen

tially the same rate of attack should then be obtained with
hydrogen-hydrogen sulfide and helium-hydrogen sulfide mixtures
having the same partial pressures of hydrogen sulfide.

This

seems to be the case aocording to the data obtained by Httgli,
Hudgins, and the writer (Pig. 6).
These observations preclude interpretation based on a Wagner
model (2) for the kinetics of attack, since such a model pre
supposes equilibrium attainment at the metal-soale and gas-soale
interfaces.

Very different rates of attaok would be obtained for

a reaction obeying a Wagner model when hydrogen is replaced by
helium, especially for low partial pressures of hydrogen sulfide.

20
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Fig' 6 - Rate of attack at 649°C against volume
per cent of hydrogen sulfide for mixtures of
hydrogen sulfide with hydrogen or helium.
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The data of Fig* 6 do not eliminate diffusion as a partial or
total rate-controlling factor, but it can be concluded from them
that equilibrium is not reached at the metal-scale and/or scalegas interfaces.

Of course, departure from equilibrium does not

necessarily imply control by a surface reaction since the sur
face reaction might be too fast to be rate controlling.
Data

ofFig* 6 can be interpreted on the

lated meohanism.

It

basis of thepostu

is assumed (a) thattheattack

rate is pro

portional to the partial pressure of hydrogen sulfide and (b)
that the rate is proportional to the number of reaction sites,
i.e., the "free area".

Thus,
▼ * kp(l-Q)

(1)

where v is the attack rate, k a proportionality constant, 6 the
"coverage" by hydrogen, and p the partial pressure of hydrogen
sulfide.

The coverage by hydrogen, 6, increases with the rate of

production of hydrogen, i»e0, with v D

A rigorous relationship

between v and 6 would be complicated because it would include the
adsorption isotherms for hydrogen and hydrogen sulfide, or kinetic
terms corresponding to these isotherms, and possibly other con
siderations for the interaction between hydrogen and the scale
(Haycock's E-oenters (4) ).

It will suffice for the present pur

pose to assume without any claim to rigor that:
0 - k'v

(2)

By elimination of 0 from equation (l) and (2) there follows
an equation in the form of a Langmuir Isotherm (but it should be
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noted that the similarity ends with the form of the equation)*
T ~ TTlk'p
It follows from eq. (3) that a plot of p/y against p should
lie linear.

This is the case (Fig. 7) for the data of Figo 6.

Values of k and k* were not calculated in view of the approxi
mation in eq. (2).
Dravnieks and Samans (3) also noted that the dependence of
attack on pressure obeys a Langmttir isotherm type of equation,
and, in fact, they reported linear plots of p/v against p.

Their

explanation, however, is different from the one offered here.
4.

MIXED ATTACK
Rather conclusive proof of the absence of diffusion control

was obtained from mixed attack experiments.

Data for attack in

hydrogen-hydrogen sulfide mixtures (4si) are given in Fig. 8 for
specimens with different initial thicknesses of iron sulfide
scale (as obtained by preliminary attack in sulfur vapor).
After an initial period, which is interpreted below, the same
rate of attack prevails regardless of the thickness of the initial
scale of iron sulfide.

This conclusion holds even when the

initial scale was approximately twice as thick as the scale formed
during hydrogen sulfide attack.

An interpretation of the iron-

hydrogen sulfide reaction based on control by diffusion in the
scale is inconsistent with these observations.
It could be argued that the scale underwent some trans
formation during the initial hydrogen sulfide attack, and that

23

2 4 .0 0

<

tE2.00

cc 0.00
PRESSURE OF H*S, (ATM.)

Pig. 7 - A verification of equation (3) for the data
in Pi£. 6.
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the rate became constant when the thin dense layer obtained in
the usual hydrogen sulfide attack was formed.

Examination of

the scale (Fig. 9) did not confirm this view.

The outer scale

exposed to hydrogen sulfide was composed of large crystals, but
the bulk of the scale had remained quite compact and homogeneous.
Furthermore, the initial rate of attack in hydrogen sulfide was
higher than the constant value reached at a later stage, and yet
the initial scale (formed in sulfur vapor) had a fine crystalline
structure.
The initial rapid attack can be interpreted in terms of this
postulated mechanism.

Thus, the area at the gas-iron sulfide

interface before hydrogen sulfide attack was larger than for the
metallic surface corresponding to the same projected area.

Hence,

rates of attack by hydrogen sulfide were initially larger than
for a metallic specimen without prior sulfur attack.

However, the

self regulating mechanism soon brought the rate to a constant
value.

It is important that the curves of Fig. 8 for the three

thicker scales appear to be the same, i.e., the initial process
was independent of the scale thickness once a sufficiently thick
scale had been produced.
5.

INFLUENCE OF DIFFUSING HYDROGEN ON SULFUR VAPOR ATTACK
Since hydrogen, in our interpretation, is supposed to block

in part the surface for attack in the iron-hydrogen sulfide
reaction, it was thought that a similar effect might be observed
in the iron-sulfur vapor reaction if hydrogen were allowed to
diffuse from the back of the specimen surface.

The data of
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Fig. 0 - Inorease of weight against time for specimens previously
attacked in sulfur vapor. ^Number on each curve is weight
of iron aulfide in mg./cm.4" formed during sulfur vapor
attack. Temperaturesi molten sulfur during sulfur vapor
attack, 2J0 Cj specimen during aulfur vapor and hydrogen
3ulfide attacks 500 C; curves are shifted for clarity.
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Fig* 10, obtained by the cartridge technique, confirm this
inference.

The parabolic lav vas confirmed for the blank cart

ridges vhich had been left in vacuum for 8 hours after hydrogen
reduction.

An Induction period vas observed for blank cartridges

vhich had not been vacuum treated, and an even longer induction
period vas observed for cartridges containing lithium aluminum
hydride.

In all cases, sulfur attack resumed its normal course

after a sufficiently long time.

The interpretation is as follovs:

Hydrogen produced in the lithium aluminum hydride cartridge
diffused tovard the outside surface of the cartridge and greatly
reduced the attack by sulfur vapor.
fide scale slovly built up.

Nevertheless, an iron sul

The diffusion rate for hydrogen

through the compact scale (no leaks') was lover than through
iron, as shovn in Fig. 11, and consequently, coverage of the
scale by hydrogen decreased as the scale became thicker.

This

resulted in a progressive increase in rate of attack until the
film had become so thick that diffusion vas praotically stopped.
Attack then resumed its normal course.

It vas verified that

cartridges after attack still contained active lithium aluminum
hydride.
The same interpretation holds for the blank cartridges
vhich had not been vacuum treatedu

Hydrogen vhich had diffused

in the metal during reduction then hindered attack in sulfur
vapor until it could no longer appreciably cover the scale surface.
An alternative explanation, based on thermodynamic consid
erations, namely that iron attack by sulfur did not prooeed in the
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Fig. 10 - Plots of the square of the weight gain against time for
iron cartridge during attack by sulfur vgpor. Temporaturgs during attacki molten sulfur, 230 C| cartridge,
500 C^ Curves are equally shifted at the origin by
20 mg^/om .
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presence of hydrogen, is ruled out*

Thus, one calculates from

the data of Rosenqvist (6) that the equilibrium constant for the
reaction PeS + Hg^ Fe + HgS at 500°C is 2 i 10 1

The amount of

hydrogen sulfide formed in one of the experiments vas in fact
determined by passing the gas through a detection tube used in
air pollution studies^.

A maximum amount of 6 x 10”^ mole of

hydrogen sulfide was formed in the reaction chamber.

This small

amount of hydrogen sulfide produced shows that the retarded rate
of sulfur attack is definitely not due to the reduction of iron
sulfide by the diffusing hydrogen£,
Another possible interpretation according to which Haycock's
E-centers, resulting from the presence
decrease

of hydrogen in the film*

diffusion by cation vacancy does not account for the

resumption of attack.

Thus, the scale, at least in its inner

layer, retained a relatively high concentration of E-centers
because of the vicinity of hydrogen supply.

This layer would

have offered a permanent barrier to vacancy diffusion, i.e.,
attack would never have resumed unless the film had cracked.
The latter explanation, however is invalidated by the very low
diffusion rate of hydrogen through the scale (Pig. 11).

Of

course, one could say that sulfide ion is the diffusing species,
but the role of hydrogen remains unexplained.

^Courtesy of Prof. P. W. West, Louisiana State University

31
6.

RECRYSTALLIZATIOH OF THE SCALE

It is well established (see Drawn!eks and Saaans (3) for
review of literature) that the thin dense layer reaches an
essentially constant thickness.
this.

The data on Table 1 confirm

Therefore, there must be a continuous transformation of

the thin dense layer into the porous one (Fig. 4)*

It has been

observed that aging of the two layer scale in a helium atmosphere
causes a progressive disappearance of the dense layer.

Since

such a transformation is not observed for iron sulfide produced
by the iron-sulfur vapor reaction, hydrogen must be responsible
for recrystallization.

Haycock (4) suggested a tentative

mechanism for the recrystallization process.

Haycock also

showed that hydrogen greatly enhanced the sintering rate of
powdered iron sulfide.

Powdered ferrouB sulfide with a large

initial surface area did not appreciably sinter when left in a
vacuum for five hours at 500°C.

In the presence of hydrogen at

the same temperature the surface area was reduced by half after
only two hours, and the powder had visibly sintered to a porous
plug.
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TABLE I
THICKNESSES OF THE DENSE
LATER OF IRON SULFIDE PRODUCED
BY ATTACK BT A 4*1 HYDROGENHYDROGEN SULFIDE MIXTURE AT 575°C
Reaction Time

Thickness

(ain.)

(mm- x 10^)

140

6-5

180

8-9

480

7-7

540

8-9

550

7-7

660

7-7

720

6-9

CHAPTER IV

C05CLUSI0H
It is concluded that the linear lav of attack for the ironhydrogen sulfide reaction at elevated temperatures (above 500°C
approximately) results from tvo main effects:

(a) partial block

ing at reaction sites by hydrogen produoed during attack, and (b)
continuous recrystallization of the dense scale into a porous one
offering no barrier to the transport of reactants.

Blocking by

hydrogen results in a reaction occuring with a constant number of
reaction sites.

A linear lav is then observed since recrystalli

zation prevents the formation of a thick dense scale that vould
be a sufficient diffusion barrier to cause departure from the linear
lav.

The blocking of reaction sites is self regulating and the

linear lav is thus obeyed.
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